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Summary

Plants are the major nutritional component of the human diet, provide us with shel-
ter, fuel, and enjoyment. Substantial yield loss is caused by plant diseases transmitted
by bacteria, fungi, and oomycete pathogens. Plants have an elaborate innate immune
system to fight threatening pathogens, relying to a great extend on highly variable re-
sistance (R) genes. R genes often encode intracellular nucleotide-binding leucine-rich
repeat receptors (NLRs) that directly or indirectly recognize pathogens by the presence
or the activity of effector proteins in the plants’ cells. NLRs contain variable N-terminal
domains, a central nucleotide-binding (NB) domain, and C-terminal leucine-rich repeats
(LRRs). The N-terminal domains can be used to distinguish between the evolutionary
conserved NLR classes TNL (with a toll/interleucin-1 receptor homology (TIR) domain),
CNL (with a coiled-coil (CC) domain), and RNL (with an RPW8 domain). The archi-
tectural diversity is increased by additional integrated domains (IDs) found in different
positions. Plant species have between a few dozen and several hundred NLRs. The
intraspecific R gene diversity is also high, and the still few known NLRs responsible
for long-term resistance are often accession-specific. Intraspecific NLR studies to date
suffer from several shortcomings: The pan-NLR’omes (the collection of all NLR genes
and alleles occurring in a species) can often not be comprehensively described because
too few accessions are analyzed, and NLR detection is essentially always guided by
reference genomes, which biases the detection of novel genes and alleles. In addition,
inappropriate or immature bioinformatics analysis pipelines may miss NLRs during the
assembly or annotation phase, or result in erroneous NLR annotations. Knowing the
pan-NLR’ome of a plant species is key to obtain novel resistant plants in the future. I
created an extensive and reliable database that defines the near-complete pan-NLR’ome
of the model plant Arabidopsis thaliana. Efforts were focused on a panel of 65 diverse
accessions and applied state-of-the-art targeted long read sequencing (SMRT RenSeq).
My analysis pipeline was designed to include optimized methods that could be applied to
any SMRT RenSeq project. In the first part of my thesis I set quality control standards
for the assembly of NLR-coding genomic fragments. I further introduce a novel and
thorough gene annotation pipeline, supported by careful manual curation. In the second
part, I present the manuscript reporting the saturated near-complete A. thaliana pan-
NLR’ome. The species-wide high NLR diversity is revealed on the domain architecture
level, and the usage of novel IDs is highlighted. The core NLR complement is defined
and presence-absence polymorphisms in non-core NLRs are described. Furthermore,
haplotype saturation is shown, selective forces are quantified, and evolutionary coupled
co-evolving NLRs are detected. The method optimization results show that final NLR
assembly quality is mainly influenced by the amount and the quality of input sequencing
data. The results further show that manual curation of automated NLR predictions are
crucial to prevent frequently occurring misannotations. The saturation of an NLR’ome
has not been shown in any plant species so far, thus this study provides an unprecedented
view on intraspecific NLR variation, the core NLR complement, and the evolutionary
trajectories of NLRs. IDs are more frequently used than known before, suggesting a
pivotal role of noncanonical NLRs in plant-pathogen interactions. This work sets new



standards for the analysis of gene families at the species level. Future NLR’ome projects
applied to important crop species will profit from my results and the easy-to-adopt anal-
ysis pipeline. Ultimately, this will extend our knowledge of intraspecific NLR diversity
beyond few reference species or genomes, and will facilitate the detection of functional
NLRs, to be used in disease resistance breeding programs.
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Zusammenfassung

Pflanzen sind Hauptbestandteil der menschlichen Erndhrung, liefern Schutz, Kraft-
stoffe, und Erholung. Durch Pflanzenkrankheiten die von Bakterien, Pilzen und Oomy-ce-
ten iibertragen werden konnen, werden betrachtliche Ertragseinbufien verursacht. Pflan-
zen haben ein ausgefeiltes angeborenes Immunsystem um gefdhrliche Pathogene zu
bekdmpfen. Dabei sind sie hauptséchlich auf die hoch-variablen Resistenz (R) Gene
angewiesen. R Gene kodieren oft intrazelluldre nukleotid-bindende Rezeptoren mit
leucin-reichen repetitiven Regionen (nucleotide-binding leucine-rich repeat receptors,
NLRs), die Pathogene direkt oder indirekt wahrnehmen koénnen indem sie die Présenz
oder Aktivitdt von Effektor Proteinen in den pflanzlichen Zellen detektieren. NLRs
beinhalten variable N-terminale Doménen, eine zentrale Nukleotid-bindende (nucleotide-
binding, NB) Doméne, und C-terminale Leucin-reiche repetitiven Regionen (leucine-rich
repeats, LRRs). Die N-terminalen Doménen kénnen verwendet werden um zwischen den
evolutionér konservierten NLR Klassen TNL (mit einer toll/interleucin-1 Rezeptor ho-
mologen (TIR) Doméne), CNL (mit einer superspiralisierten (coiled-coil, CC) Doméne),
und RNL (mit einer RPW8 Doméne) zu unterscheiden. Die Diversitét der Doménen-
Architekturen wird von zusétzlich integrierten Doménen (IDs) noch erhoht. Diese kon-
nen an unterschiedlichen Stellen im Gen lokalisiert sein. Unterschiedliche Pflanzenarten
haben zwischen wenigen Dutzend und mehreren Hundert NLRs. Die intraspezifische
Diversitat der R Gene ist ebenfalls hoch, und die wenigen bekannten NLRs die fiir
langfristige Resistenzen verantwortlich sind, sind oft spezifisch fiir einzelne Populatio-
nen der Art. Aktuelle intraspezifische NLR Studien weisen mehrere Méngel auf: Das
Pan-NLR-om (die Gesamtheit aller NLR Gene und Allele die in einer Spezies vorkom-
men) kann oft nicht umfassend beschrieben werden. Es werden zu wenige Populationen
analysiert und der Nachweis der NLRs wird eigentlich immer durch Referenzgenome
gelenkt, was das Finden neuer Gene und Allele erschwert. Zusétzlich dazu koénnen
ungeeignete oder unausgereifte bioinformatische Analysepipelines NLRs wahrend des
Assemblings oder der Annotationen iibersehen, oder in fehlerhaften NLR Annotatio-
nen miinden. Das Pan-NLR-om einer Pflanzenart zu kennen ist der Schliissel um neue
resistente Pflanzen fiir die Zukunft zu erhalten. Ich habe eine umfangreiche und ver-
ldssliche Datenbank erstellt, die das anndhernd vollstdndige Pan-NLR-om der Mod-
ellpflanzenart Arabidopsis thaliana definiert. Der Fokus lag auf einem Set von 65 vari-
ablen Populationen und dem hochmodernen zielgerichteten Sequenzieren langer DNA
Sequenzen (SMRT RenSeq). Meine Analysepipeline wurde so entworfen, dass die opti-
mierten Methoden auch bei jedem anderen SMRT RenSeq Projekt angewendet werden
konnen. Im ersten Teil meiner Thesis lege ich Standards fiir die Qualitétskontrolle des
Assemblings der NLR-kodierenden genomischen Fragmente fest. Des weiteren stelle ich
eine neue und sorgfiltige Annotationspipeline vor, die von gewissenhafter manueller
Reannotation unterstiitzt wird. Der zweite Teil der Thesis beschreibt das saturierte A.
thaliana Pan-NLR~om. Die intraspezifische Diversitiat der NLR Doménen-Architekturen
wird gezeigt und der Nutzen von neuen integrierten Doméanen hervorgehoben. Der Kern
des NLR-oms wird definiert und es wird beschrieben, welche NLRs aufserhalb des Kerns
Préasenz-Absenz Polymorphismen zeigen. Haplotyp-Sattigung wird gezeigt, Selektion-
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skriafte werden quantifiziert und evolutiondr gekoppelte koevolvierende NLRs werden
detektiert. Die Ergebnisse der Methodenoptimierung zeigen, dass die Qualitit eines
NLR Assemblings hauptséchlich von der Menge und der Qualitit der Sequenzierdaten
abhangt. Des weiteren zeigen sie, dass manuelle Reannotation der automatisierten NLR
Vorhersage entscheidend ist, um die haufig vorkommenden Misannotationen zu verhin-
dern. Die Sattigung eines NLR-oms wurde bisher in keiner Pflanzenart gezeigt. Diese
Studie bietet daher einen neuartigen Blick auf die intraspezifische Varianz der NLRs, des
Kerns und der NLR Evolution. NLRs mit integrierte Doménen werden haufiger gefunden
als bisher bekannt, was eine zentrale Rolle dieser NLRs in der Interaktion von Pflanze und
Pathogen nahelegt. Diese Arbeit legt neue Standards fiir die Analyse von Genfamilien
einer Spezies fest. Zukiinftige NLR-om Projekte von wichtigen Nutzpflanzen profitieren
von meinen Ergebnissen und der leicht adaptierbaren Analysepipeline. Letzendlich wird
dies unser Wissen iiber die intraspezifische NLR Diversitédt iiber die Grenzen weniger
Referenzspezies oder Genome hinweg erweitern. Das Auffinden von funktionierenden
aktiven NLRs zur Zucht resistenter Pflanzen wird so vereinfacht.

viil



Contents

List of Figures

List of Tables

Glossary

1.

Introduction

1.1.
1.2.

1.3.

1.4.

1.5.

1.6.

The ‘zigzag’ model of plant-pathogen interactions . . . . .. . .. .. ..
Nucleotide-binding and leucine-rich repeat containing genes . . . . . . . .
1.2.1. Domains . . . . . . . . ...
1.2.2. NLR activation . . . . . .. ... ... ... ...
Species- and population-wide analyses of NLRs . . . . . ... ... ...
1.3.1. Interspecific NLR studies . . . . . . .. ... ... .. ... ....
1.3.2. Imtraspecific NLR studies . . . . . . ... ... ... ... .....
Technological limitations . . . . . . . .. .. .. ... ... ...
1.4.1. Next generation short read sequencing with Illumina . . . . . . .
1.4.2. Limitations of short read based NLR studies . . . . . . .. .. ..
Technological innovations . . . . . . . . .. ... .. ... ... ......
1.5.1. Resistance gene enrichment sequencing (RenSeq) . . . . . .. ..
1.5.2. Single molecule real time (SMRT) sequencing . . . . . ... ...
The A. thaliana pan-NLR’ome . . . . . . . . . . .. ... ... .. ....

Method Optimization and Quality Control

2.1.

2.2.

2.3.
2.4.
2.5.

Assembly Optimization . . . . . . . .. ... ...
2.1.1. Assembly with Canu . . . . ... .. ... ... .. ........

2.1.1.1.  Optimal choice of the ‘genomesize’ parameter . . . . . .

2.1.1.2. Influence of the ‘errorRate’ parameter . . . . . . .. ..

2.1.1.3.  Other useful parameter settings . . . . . . . . .. .. ..
2.1.2. Influence of the input data on the assembly . . . ... ... ...
2.1.3. Assembly of 73 diverse A. thaliana accessions . . . . . ... ...
Annotation Optimization . . . . . . . . . . . .. .. ... ... ... ..
2.2.1. Automated gene annotation . . . . . ... ...

2.2.1.1. Limits of automated gene annotation . . . . . . . .. ..
2.2.2. Manual gene reannotation . . . . . ... .. ... ...
NLR Classification: coiled-coils (CCs) . . . . . ... ... ... ... ...
Assembly Quality and NLR complement Completeness . . . . . . . . ..
Complete NLR complements for the analysis of the pan-NLR’ome . . . .

Xi

Xiv

xvii

19
19
19
20
20
21
21
30
30
32
33
33
36
38
41

1X



Contents

3. The Arabidopsis thaliana pan-NLR'ome 45
3.1. Declaration of Contributions . . . . . . . . . . . ... ... ... ..... 45
3.2. Abstract . . . . ... 45
3.3. Introduction . . . . . . . . . .. 46
3.4. Results . . . . . . . . 48

3.4.1. The Samples . . . . . . ... 48
3.4.2. NLR Complements . . . . ... ... ... ... ... ....... 48
3.4.3. NLR Domain Architecture Diversity . . . .. ... ... .. ... 48
3.4.4. The pan-NLR’ome . . . . .. . .. ... ... ... ... ..... 50
3.4.5. Placement of non-reference OGs . . . . . . . .. ... ... .... 53
3.4.6. Pan-NLR’ome Diversity . . . . . ... ... .. ... ... .... 54
3.4.7. Linking Diversity to Function . . . . . . .. .. ... ... .... 54
3.5, Discussion . . . . ... 58
3.6. Bibliography . . . . . . ... 58
3.7. Onmline Methods . . . . . . . . . . . . ... ... 67
3.7.1. NLR’ome Generation . . . . . . ... . ... ... ... ...... 67
3.7.1.1. Accession Selection . . . . . .. ... ... 67
3.7.1.2. Accession Verification . . . ... .. ... .. ... ... 67
3.7.1.3. SMRT RenSeq . . . . . .. ... . ... .. ... .... 67
3.7.1.4. Read Correction . . . . ... .. ... ... ... .... 69
3.7.1.5. Assembly . . . .. ... 69
3.7.1.6. Annotation . . . . ... .. ... 69
3.7.1.7. Web Apollo . . . . ... .. 70
3.7.1.8. Manual Reannotation . . . .. ... ... .. ...... 71
3.71.9. Paired NLRs . . ... ... .. ... ... .. ...... 71
3.7.1.10. Classification . . . . . .. . ... ... ... ... ..., 72
3.7.1.11. Architectures . . . . . . . . ... ... L. 72

3.7.2. Figure Generation . . . . . .. ... ... L. 73
3.7.3. Pan-NLR’ome Generation . . . .. ... .. ... ... ...... 73
3.7.3.1. Generation . . ... ... ... 73
3.7.3.2. Refinement . . . . ... ... ... ... L. 73
3.7.3.3. Annotation . . . . . ... .. ... 74
3.7.3.4. Visualization . . . . ... ... ... ... ... ... 75

3.7.4. Saturation Analysis . . . . . . .. ... 75
3.7.5. Assembly Quality . . . . . . ... ... 75
3.7.5.1. Quality Scores . . ... ... 75
3.7.5.2. Completeness Assessment . . . . ... . ... ... ... 76
3.7.5.3.  Similarity to Col-0 . . . . . ... ... 76
3.7.5.4. Orthogroup co-occurrence / Anchoring analysis . . . . . 7

Appendices 83
3.A. Supplemental Figures . . . . . . .. ... ... 83
3.B. Supplemental Tables . . . . . . .. ... . ... ... ... ..., . 95



Contents

3.C. Supplemental Material . . . . . ... ... oo 102
3.C.1. Re-annotation SOP . . . . . . . ... ... ... .. .. ...... 102

4. Discussion and Outlook 109
4.1. RenSeq input critically influences the outcome of an NLR’ome project . . 110
4.2. WGS data for improved assemblies and assembly quality assessment . . . 113
4.2.1. Using WGS to improve the assembly . . . . . ... ... ... .. 113

4.2.2. Quality Control (QC) with WGS read data . . . . . . . ... ... 115

4.2.2.1.  Completeness analysis using WGS read data . . . . . . . 116

4.2.2.2.  Detection of assembly errors: collapsed NLRs . . . . .. 118

4.3. Gene annotation . . . . . ... 119
4.4. Current and future use of thedata . . . . . . .. ... ... ... .... 122
Bibliography 127
Appendices 149
A. Supplementary Tables 151

x1






List of Figures

1.1.
1.2.
1.3.
1.4.
1.5.
1.6.

2.1.
2.2.
2.3.
2.4.
2.5.
2.6.
2.7.
2.8.
2.9.
2.10.
2.11.
2.12.
2.13.
2.14.
2.15.
2.16.

3.1.
3.2.
3.3.
3.4.
3.5.
3.6.

3.A.1.
3.A.2.
3.A.3.
3.AA4.
3.A.5.
3.A.6.

Wheat stem rust disease caused by Puccinia graminis . . . . . . . .. 2
Tomato late blight caused by Phytophthora infestans . . . . . . . . .. 2
A generic NLR . . . . . . .. 5
Phylogeny of 22 angiosperms . . . . . . . . ... ... L. 11
Resistance gene enrichment sequencing (RenSeq) workflow . . . . . . . 15
Circular Consensus Sequencing (CCS) . . . ... ... ... ... ... 16
NLR coverage depending on read Quality and errorRate . . . . . . . . 22
Input statistics . . . . . . . .. 23
Read length distribution . . . . . . . ... ... oo 24
Assembly size . . . . .. 26
NLR genes . . . . . . . . . 27
Misassemblies . . . . . . . ... 28
Mismatches . . . . . . . . . . 29
Input reads, read lengths, and total bases for 65 accessions . . . . . . 30
Cumulative assembly size . . . . . . . . ... ... 31
NLR fusion detected with Col-0 protein and transcript evidence . . . . 34
NLR fusion detected with a pseudogene mapping . . . . . . . .. . .. 34
Misannotated reference gene AT4G09430 . . . . . . .. . .. .. ... 35
Coiled-coil containing NLRs . . . . . .. ... ... ... .. ... ... 37
Diagram for pseudo-genome generation . . . . . ... ... ... ... 39
Assembly Quality correlations . . . . . ... ... 40
Assembly Quality and Completeness . . . . . . . ... ... ... ... 42
Basic descriptive statistics of the NLR complements . . . . . .. . .. 49
Diversity of IDs and domain architectures in the pan-NLR’ome . . . . 51
OG sizes, Saturation, Distribution of NLR classes and pairs . . . . . . 52
Genetic location of NLRs . . . . .. .. ... ... 53
Nucleotide- and haplotype diversity . . . . . .. ... .. ... .... 55
R genes against biotrophic pathogens have enhanced diversity and

sensor/executor-like pairs suggest intra-pair co-evolution . . . . . . . . 56
NLR frequency for different subclasses . . . . . . .. ... ... .... 84
Phylogenetic tree of TIR and NB containing proteins . . . . . . . . .. 85
Architectures and Pseudo-genomes . . . . . . ... ..o 86
Novel A. thaliana NLR architectures . . . . . . . . ... .. ... ... 87
OG size distribution comparisons . . . . . . . . . . . ... ... ... 88
Distribution of Paired NLRs and NLRs with IDs . . . . . . . .. ... 89

xiil


https://c1.staticflickr.com/3/2839/9685492848_33a85eb8a3_b.jpg
https://upload.wikimedia.org/wikipedia/commons/e/e3/Tomato_late_blight_fruit_cluster_%285816739612%29.jpg

List of Figures

Xiv

3.A.7.
3.A.8.
3.A.9.
3.A.10.
3.A.11.
3.A.12.
3.A.13.

4.2.1.
4.2.2.
4.4.1.

Orthogroup (OG) co-occurrence network . . . . . . . ... .. ... .. 90
Co-occurrence of OG197.1 and OG208.1 . . . . .. . .. .. ... ... 91
Co-occurrence of 0G205.1 and OG204.1 . . . . . . ... ... .. ... 91
Co-occurrence of OG147.1 and OG148.1 . . . . . . ... ... .. ... 91
Co-occurrence of OG102.8 and OG211.1 . . . . .. . .. .. ... ... 92
Nucleotide and Haplotype Saturation . . . . ... ... .. ... ... 93
Read and Assembly statistics . . . . . . . .. ... ... ... ... 94
Short read based Quality and Completeness . . . . . . . ... .. ... 117
Normalized NLR coverage distribution . . . . . . . .. ... ... ... 119
Phylogeny of 136 RPP4/5 and SNC1 proteins from 65 accessions . . . 124



List

1.1.

2.1.
2.2.
2.3.

3.B.1.
3.B.2.
3.B.3.
3.BA4.
3.B.5.
3.B.6.
3.B.7.

4.3.1.

Al
A2
A3.
AA4.

of Tables

NLR complements of 22 Angiosperms . . . . . . . . . .. .. ... .. 10
Assembly statistics . . . . . ... 20
Repeat masking . . . . . .. ... 33
CC detection in known functional CNLs . . . . . . ... .. ... ... 38
Used oligo sequences . . . . . . . . . . .. 95
Accession attributes . . . . ..o 95
Sequencing metadata . . . . .. . ... 97
Misannotated NLRs . . . . . . . . .. ... ... .. L. 99
Tajima’s D comparison for NLR pairs. . . . . . . ... ... ... ... 99
CC detection in known functional CNLs . . . . . . . .. ... .. ... 100
Brassicaceae species used for domain comparisons. . . . . . .. . . .. 101
Quality index (QI) score . . . . . . . . ... 122
Accession attributes . . . .. ... 151
Sequencing metadata . . . . ... 153
Full survey: NLRs in different species . . . . . . ... ... ... ... 154
Putative collapsed NLRs . . . . . . ... . ... ... ... ...... 157

XV






Glossary

aa-tRNA aminoacyl-tRNA

ACDG6 Accelerated Cell Death 6

ADP adenosinediphosphate

ADR1 Activated disease resistance 1
AED Annotation Edit Distance

ATP adenosinetriphosphate

ATR1 A. thaliana Recognized 1
Avr-CO39 Avirulence protein Avr-CO39
Avr-Pia Antivirulence protein Avr-Pia
Avr-Pik Antivirulence protein Avr-Pik
AvrAC Type III effector AvrAC

AvrB Avirulence protein B

AvrL567 Avirulence protein AvrL567
AvrPphB Avirulence protein Pseudomonas phaseolicolaB
AvrRpm1 Type III effector AvrRpm1

AvrRps4 Type III effector AvrRpsd
BUSCO benchmarking set of universal single copy ortholog

CC coiled-coil

CCS circular consensus sequencing
CLR circular long read

CNL CC-containing NLR

CNV copy number variation

Xvil



Glossary

DAMP damage associated molecular pattern
DM2 Dangerous mix 2
DNA desoxyribonucleic acid

dRenSeq diagnostic RenSeq

EF-Tu elongation factor thermo unstable
ENA European Nucleotide Archive
EST expressed sequence tag

ETI effector-triggered immunity

HMA heavy-metal-associated domain
HMM hidden markov model
HopBA1 Type III effector HopBA1
HopF2a Type III effector HopF2a
HopM1 Effector protein HopM1
HopZ1la Type III effector HopZ1la
HP hair pin

HR hypersensitive response

IBS identity by state

ID integrated domain

L5 flax L5 resistance protein
L6 flax L6 resistance protein
L7 flax L7 resistance protein

LRR leucine-rich repeat

M flax rust resistance protein M
MHD methionine-histidine-aspartate

MLA10 MLA10

XVviii



N tobacco mosaic virus resistance protein N

NB nucleotide-binding

NLP necrosis and ethylene-inducing peptide 1-like protein
NLR nucleotide-binding and leucine-rich repeat containing gene

NRG1 N requirement protein 1

OG orthogroup

ORF open reading frame

PacBio Pacific Biosciences

PAMP microbe- or pathogen associated molecular pattern
PAV presence absence variation

PBL2 Probable serine/threonine-protein kinase PBL2
PBS1 AVRPPHB Susceptiblel

PCR polymerase chain reaction

PE paired end

Pik Rice blast resistance gene Pik

Pik-2 Rice blast resistance protein Pik-2

PopP2 Type III effector PopP2

PR pathogenesis-related protein

PRR pattern recognition receptor

PTIl PAMP-triggered immunity

QC quality control

QI quality index

QTL quantitative trait loci
R resistance

R8 RS late blight resistance gene

RBA1 Response to the bacterial type III effector protein HopBA1

Glossary

XIiX



Glossary

RenSeq resistance gene enrichment sequencing

RGA4 Disease resistance protein RGA4

RGAS5 Disease resistance gene RGAS

RIN4 RPMIl-interacting protein 4

RKS1 G-type lectin S-receptor-like serine/threonine-protein kinase RKS1
RNA ribonucleid acid

RNL RPWS8-containing NLR

ROI read of insert

ROS reactive oxygen species

RPM1 Resistance to Pseudomonas syringae pv. maculicola 1
RPP1 Recognition of Peronospora parasitica 1

RPP13 Resistance to Peronospora parasitica 13

RPS4 Resistance to Pseudomonas syringae 4

RPS5 Resistance to Pseudomonas syringae 5

RPW8 powdery mildew resistance protein, RPW8 domain
RPW8.1 Resistance to Powdery Mildew 8.1

RPW8.2 Resistance to Powdery Mildew 8.2

RRS1 Recognition of Ralstonia solanacearum 1

SA salicylic acid

SBS sequencing by synthesis

SMRT single molecule real time

SNC1 Suppressor of NPR1-1, Constitutive 1
SNP single nucleotide polymorphism

SOP standard operating procedure

SQS squalene synthase

SV structural variation

XX



TE transposable element
TIR toll/interleukin-1 receptor homology
TNL TIR-domain containing NLR

Vel Verticillium wilt disease resistance gene

WGS whole genome sequencing

WRKY WRKY domain

ZAR1 HopZ-activated resistance 1

ZMW zero mode waveguide

Glossary

xx1






1. Introduction

A substantial amount of the potential yield of crop plants is not realized due to disease.
Around 16 % of the annual production is estimated to be lost due to infection with
fungi, oomycetes, and bacteria (Oerke 2006) (fig. 1.1 and fig. 1.2). This loss is globally
threatening the human food supply. Farmers often must fight yield losses with the
application of costly amounts of pesticides and by intensifying their production systems.
This drives the fast occurrence and spread of resistant pathogens, and threatens the
agricultural sustainability. A better and environmentally friendly way to control plant
pests and the associated yield loss is the breeding of resistant plant varieties. Growing
these plants increases the crop yield, reduces the need to apply chemical pesticides and
allows for a more sustainable use of the agricultural area. Resistant plants are searched
in wild populations or related species, and traditional breeding-based methods can be
used to introduce resistances into the high-yield domesticated crops.

A thorough understanding of the molecular basis of resistance is needed to create
long-term resistant crops. The genes that underlie the resistance and their mode of
action need to be identified. The strength of the effect, and the longevity need to be
evaluated. Influences on other important traits such as growth and yield need to be
taken into account, too. Especially in the light of a fast growing human population that
is ultimately depending on increasing amounts of plant food, it is crucial to understand
the molecular basis of this plant-pathogen fight. It is of utmost importance to be able
to detect successful defense strategies and use those to direct future breeding programs
of crops that are needed to secure our food supply.

1.1. The ‘zigzag’ model of plant-pathogen
interactions

Plants are equipped with a diverse set of defense reactions that are induced upon recog-
nition of a pathogenic thread. Those defense reactions are the result of an evolutionary
‘arms-race’ that lead to the development of a complex innate immunity. According to
the ‘zigzag’ model proposed by Jones et al. (2006), pattern recognition receptors (PRRs)
that detect microbe- or pathogen associated molecular patterns (PAMPs) induce the first
line of a plant’s defense, termed PAMP-triggered immunity (PTI) (reviewed for example
in Bigeard et al. (2015), Gust et al. (2017), and Thomma et al. (2011)).

A highly conserved PAMP detected in plants is flagellin (Felix et al. 1999; Goémez-
Gomez et al. 2002), which is the major component of the flagellum of motile bacteria.
Another detected protein is the elongation factor thermo unstable (EF-Tu), one of the
most abundant and conserved proteins in prokaryotes. It is part of the translation
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Figure 1.1.: Wheat stem rust disease caused by Puccinia graminis
by Liang QU/IAEA, licensed under CC BY 2.0 https://cl.staticflickr.com/3/2839/9685492848_33a85eb8a3_b. jpg

Figure 1.2.: Tomato late blight caused by Phytophthora infestans

by SCOt NGISOH https://upload.wikimedia.org/wikipedia/commons/e/e3/Tomato_late_blight_fruit_cluster_%285816739612%29. jpg
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1.1. The ‘zigzag’ model of plant-pathogen interactions

machinery of new proteins in the ribosome, where its major function is the transport
and the binding of aminoacyl-tRNA (aa-tRNA) to the ribosome. It was shown to be a
PAMP in Arabidopsis thaliana and other Brassicaceae (Kunze 2004). More information
about conserved microbe-derived peptides can be found in the review from Albert (2013).

Cell wall components have also been reported to act as PAMPs. In bacteria, pepti-
doglycan forms a mesh-like structure in the cell walls of both gram-negative and gram-
positive bacteria. It was shown to elicit immune responses in A. thaliana (Erbs et al.
2008; Liu et al. 2014). Lipopolysacharide is found in the outer membrane of gram-
negative bacteria restricting membrane permeability. Dow et al. (2000) review its role
in plant pathogenesis and resistance. Chitin is a fungal cell wall component that was
shown to induce immune responses upon perception in tomato (Felix et al. 1993). Glu-
can is part of the cell walls of fungi and oomycetes. It is recognized for example in
tobacco (Klarzynski et al. 2000), rice, and soybean (Yamaguchi et al. 2000).

Because PAMPs are typically widespread in pathogen species, PTI protects against
many different pathogens, conferring broad-spectrum resistance. PTI results in the acti-
vation of various defense responses intended to restrict pathogen access and multiplica-
tion. An example of a strategy that restricts pathogen access to the plant’s intracellular
space is stomata closure. Stomata are pores mainly found in plant leafs, needed for gas
exchange between the plant and its surrounding. In an open state, they provide an easy
entry site for pathogens and PTI triggers stomata closure (reviewed in Melotto et al.
(2008) and Sawinski et al. (2013)).

Pathogen multiplication is for example hindered by lowering the nutrient supply in
the apoplast. Microbes use nutrients involuntarily provided by the plant host (Chen
et al. 2010a). Upon silencing of squalene synthase (SQS), Wang et al. (2012) showed
increased nutrient efflux into the apoplast when infecting Nicotiana benthamiana with
Pseudomonas syringae and Xanthomonas campestris. In the wild type plant, PTI sup-
pressed microbial proliferation by decreasing the transport of nutrients into the apoplast.

Other strategies that limit pathogen proliferation employ by-products of the plant
metabolism. Plants normally produce low levels of deleterious reactive oxygen species
(ROS) as by-products of the normal oxygen metabolism. Among others, drought, salt-
stress, and nutrient deficiency can induce the production of ROS, leading to oxidative
stress and significant damage of the plant’s cells. Plants also induce the production of
ROS as a result to pathogen invasion. This reactive burst is part of the PTI and the
toxic features of the reactive oxygen species are helping to remove the pathogenic thread
(reviewed in O’Brien et al. (2012)).

PTT also includes the production of phytoalexins. Phytoalexins are antimicrobial sec-
ondary metabolites damaging the cell membranes of both bacteria (Rogers et al. 1996)
and fungi (Joubert et al. 2011). In A. thaliana, the most prevalent phytoalexin is ca-
malexin, which plays a role in resistance to several necrotrophic fungi, to hemibiotrophic
oomycetes and fungi, and to powdery mildews (reviewed in Ahuja et al. (2012)). A vari-
ety of other defense-related proteins/peptides have been described and are classified into
several families of pathogenesis-related proteins (PRs) (reviewed in Loon et al. (2006)).

Pathogens in turn have evolved mechanisms to suppress PTI. They secrete effector
proteins into the plant’s cells which interfere with PTT-related defense responses. The
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bacterial effector Effector protein HopM1 (HopM1) for example actively suppresses the
oxidative burst and the stomata closure in Arabidopsis and N. benthamiana (Lozano-
Duréan et al. 2014). Another effector, the P. syringae protein HopAll, suppresses the
oxidative burst, callose deposition and gene expression that is induced upon recognition
of flagellin in Arabidopsis (Zhang et al. 2007).

A second line of defense is therefore formed by resistance (R) proteins that are acti-
vated by those pathogenic effectors. R proteins induce the effector-triggered immunity
(ETT), which often results in a hypersensitive response (HR) leading to programmed
local cell death, restricting pathogenic infections to only a small part of the plant (Jones
et al. 2006). R proteins are discussed in detail in section 1.2, focusing on their structural
composition (section 1.2.1), function (section 1.2.2) and the current knowledge in dif-
ferent species and populations (section 1.3). As the result of an evolutionary arms race
between pathogen and plant, effectors are selected for that evade or suppress recognition
and ETI. Plant R proteins in turn evolve to overcome those effects and rescue ETI.

The zigzag model has been subject to refinements and extensions and the strict divi-
sion between PTI and ETI has been shown to be too simplistic (reviewed in Leibman-
Markus et al. (2018), Pritchard et al. (2014), and Thomma et al. (2011)). In addition to
PAMPs, plants can detect signals from damage associated molecular patterns (DAMPs),
molecules from the plant itself that have been changed as a result of the damage caused
by pathogens (reviewed in Boller et al. (2009) and Gust et al. (2017)). Cell wall frag-
ments like oligogalaturonides are DAMPs released during microbial infection. They are
known to induce PTI responses like the accumulation of phytoalexins, ROS, and others
(reviewed in Ferrari (2013)). Cutin is a component of the plant’s cuticle that can be
split into monomers by fungal enzymes. These monomers are DAMPs that have been
shown to induce ROS in cucumber (Fauth et al. 1998). Other known DAMPs include
extracellular adenosinetriphosphate (ATP), green leaf volatiles, and several proteins and
peptides (Boller et al. 2009; Gust et al. 2017).

In the classical view promoted by the zigzag model, PAMPs are broadly conserved
patterns that are important for the pathogen’s fitness. They are detected by PRRs,
ancient cell surface receptors that are shared between several plant species. Effectors
are narrowly occurring only in some species or strains, and are important for pathogen
virulence. Effectors are detected from intracellular R proteins that are relatively young.
New effectors and R proteins continuously evolve due to an evolutionary arms race
between plant and pathogen.

Thomma et al. (2011) argue against the strict division between ETI and PTI and
convincingly lay out a variety of examples that show deviations from the classical view.
They report conserved effectors and narrowly distributed PAMPs. The cytotoxic necrosis
and ethylene-inducing peptide 1-like protein (NLP) effectors for example induce necrotic
cell death and various other immune responses (Albert et al. 2015; Bohm et al. 2014;
Qutob et al. 2006). They are conserved and widespread among fungi, oomycetes, and
bacteria. In contrast, the PAMP Pep-13 is only conserved in Phytophtora (Brunner
et al. 2002). Some PAMPs or epitopes of the same PAMP, are only detected in certain
plant species. The flagellin-derived epitope flgl for example, is highly active in tomato,
but not in Arabidopsis or N. benthamiana (Meindl et al. 2000; Robatzek et al. 2007).
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Figure 1.3.: A generic NLR

An NLR typically contains a TIR, CC, or RPWS8 domain at its N-terminus, followed by
the central NB domain and one or several LRRs. Integrated domains (IDs) might be
found at the C-terminus, can also be found at the N-terminus, and more rarely occur
between the three canonical domains.

This also suggests that the corresponding PRR is relatively young. Conversely, the
R gene Verticillium wilt disease resistance gene (Vel), mediates resistance in the two
fungal species Verticillium dahliae and Verticillium albo-atrum suggesting a conserved
PAMP-like elicitor and PRR-like function of Vel (reviewed in Thomma et al. (2011)).

In addition to the increasingly blurry distinction between PAMPs and effectors, PRRs
and R proteins, other elements of the zigzag model have been shown to be incomplete.
Some PAMPs are reported to be important for the pathogen’s virulence in addition to
their contribution to microbial fitness. The model also does not include other resistance-
shaping events (Pritchard et al. 2014) like environmental factors that may have changed
the plant’s alertness (e.g. drought, prior exposure to pathogens). Nonetheless, the model
provides a good conceptual view of how plants and pathogens interact. Researchers can
use the zigzag model as a backbone when asking questions and stay open to extensions
and refinements when answering them.

1.2. Nucleotide-binding and leucine-rich repeat
containing genes

Among all currently cloned genes acting in PTI or ETI, 61 % are nucleotide-binding
and leucine-rich repeat containing genes (NLRs) (Kourelis et al. 2018), which are pre-
dominantly responsible for effector detection and signal transduction in ETI. A plant
species might contain several hundred NLRs (Shao et al. 2016). NLRs typically contain
a central nucleotide-binding (NB) domain and multiple leucine-rich repeats (LRRs) at
their C-terminal end. NLRs are classified into three anciently diverged classes by the
occurrence of additional N-terminal domains (Shao et al. 2016, 2014; Zhang et al. 2016).
TIR-domain containing NLRs (TNLs) possess an additional toll/interleukin-1 receptor
homology (TIR) domain, CC-containing NLRs (CNLs) contain coiled-coils (CCs), and
RPWS8-containing NLRs (RNLs) contain a powdery mildew resistance protein, RPW8
domain (RPWS). Truncated NLRs, whose domains deviate from the typical structural
arrangement are widespread (reviewed in Jacob et al. 2013). They may lack the N-
terminal domains, the C-terminal LRRs, or even the central NB domain.
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Truncated NLRs might still be functional and involved in disease resistance. The
A. thaliana proteins Resistance to Powdery Mildew 8.1 (RPWS8.1) and Resistance to
Powdery Mildew 8.2 (RPWS8.2) only contain the RPW8 domain and signatures of CCs.
They control resistance to a broad spectrum of powdery mildew pathogens (Xiao et al.
2001). The NLR Response to the bacterial type III effector protein HopBA1 (RBA1)
(also from A. thaliana) contains only a TIR domain and is sufficient to trigger cell death
in response to the P. syringae effector protein Type III effector HopBA1 (HopBA1)
(Nishimura et al. 2017). In addition to the canonical domain set (NB, TIR, CC, RPWS,
LRR), NLRs may contain other integrated domains (IDs) with important functions in
disease resistance (discussed in section 1.2.2).

1.2.1. Domains

Without a pathogenic trigger, NLRs are normally kept in an ‘off-state’ mediated by the
conserved central NB domain. Mutations in the NB domain, e.g. in the conserved p-loop
or methionine-histidine-aspartate (MHD) motif can result in loss of function or autoac-
tivity (Bendahmane et al. 2002; Williams et al. 2011). The binding of adenosinediphos-
phate (ADP) is thought to secure a closed conformation that prevents signaling, whereas
upon pathogen recognition, ATP replaces ADP, which puts the NLR into an active ‘on-
state’ that allows signaling. Evidence for this model was found in a study of the flax
rust resistance protein M (M) (Williams et al. 2011). It was shown that autoactivity of
M was caused by a mutated MHD motif in the NB domain, which led to preferential
binding of ATP.

It is currently proposed that the N-terminal TIR and CC domains act mainly as
signaling and oligomerization elements. The CC domain of the Barley ML A10 resistance
protein for example forms homodimers in solution and is sufficient for triggering cell
death (Maekawa et al. 2011). The TIR domain of the flax L6 resistance protein (L6)
self-associates in vitro and forms an autoactive complex (Bernoux et al. 2011). Given
that the full L6 protein does not form a complex in vivo, activation by a pathogen
effector might be needed for self-association of this NLR. Heterodimerizing NLRs are
also known. In A. thaliana for example, the TIR domains of the two NLRs Recognition
of Ralstonia solanacearum 1 (RRS1) and Resistance to Pseudomonas syringae 4 (RPS4)
form a heterodimeric complex that is required to suppress effector-independent defense
signaling of RPS4 (Williams et al. 2014).

The LRR domain is known to inhibit NLR autoactivity and to be involved in ef-
fector recognition. The first four LRR repeats of the A. thaliana NLR Resistance to
Pseudomonas syringae 5 (RPS5) inhibit autoactivation in the absence of a pathogenic
thread, and the full LRR domain is needed for effector recognition (Qi et al. 2012). Also
in A. thaliana, the LRR of Recognition of Peronospora parasitica 1 (RPP1) mediates
the interaction with its corresponding effector A. thaliana Recognized 1 (ATR1) from
Hyaloperonospora arabidopsidis (Krasileva et al. 2010) and the hypersensitive response
depends on the TIR domain, in concordance with the reported signaling function of this
N-terminal domain.

It is not clear yet, how the RPWS8 domain is involved in NLR-mediated resistance. As



1.2. Nucleotide-binding and leucine-rich repeat containing genes

already described, the A. thaliana NLRs RPWS.1 and RPWS.2 are resistance genes only
containing the RPW8 domain. They induce localized defense responses when confronted
with powdery mildew (Xiao et al. 2005, 2001). RPW8-containing NLRs are known
to function as ‘helpers’, genes necessary for the activation of defense responses after
effector-recognition by other ‘sensor’ NLRs. In N. benthamiana, the RPW8-containing
N requirement protein 1 (NRG1) is needed for signal transduction upon recognition of
the tobacco mosaic virus (TMV) by the NLR tobacco mosaic virus resistance protein N
(N) (Peart et al. 2005). The A. thaliana ADR clade contains Activated disease resis-
tance 1 (ADR1), ADRI1-L1, and ADR1-L2 which code for an N-terminal RPW8 domain
and the central NB domain. They are helpers regulating the accumulation of the de-
fense hormone salicylic acid downstream of effector recognition by several other NLRs
(Bonardi et al. 2011). Importantly, mutations in the p-loop of the NB domain do not
alter the function of ADRI1-L2, suggesting that the activation differs from typical TNLs
and CNLs, and instead is specific to RNLs. NRG1-like and ADR1-like genes are present
in many higher plants, suggesting a common and conserved biological function (Collier
et al. 2011). Recently, RNLs have been hypothesized as signaling hubs in immune re-
ceptor networks, which enhance the evolvability of sensor NLRs, and at the same time
provide robustness by using conserved sets of signaling elements (Wu et al. 2018).

1.2.2. NLR activation

Diverse NLR activation modes are known. NLRs can be activated by effectors via direct
or indirect interaction. In A. thaliana, the resistance protein RPP1 associates directly
with the ATRI effector from H. arabidopsidis (Krasileva et al. 2010). The effector is
recognized by the LRR region of RPP1, and the NB domain is needed for activation
(Goritschnig et al. 2016; Steinbrenner et al. 2015). In Linum usitatissimum, the NLRs
flax L5 resistance protein (L5), L6, and flax L7 resistance protein (L7) directly recognize
the Avirulence protein AvrL567 (AvrL567) from the flax rust fungus (Melampsora lini).
The recognition specificity for different AvrL567 variants lies within the LRR regions
(Ravensdale et al. 2012). Other direct interactions have been found for example in rice
(Jia et al. 2000; Magbool et al. 2015), tobacco (Ueda et al. 2006), potato (Chen et al.
2012), and apple (Meng et al. 2018).

NLRs can detect effector presence indirectly by monitoring other host proteins which
are important for the plant’s immune response. The NLR guard senses either the binding
of an effector to the guardee, or effector-induced modifications. The A. thaliana NLR
RPS5 detects the cleavage of its guardee AVRPPHB Susceptiblel (PBS1) by the P.
syringae effector Avirulence protein Pseudomonas phaseolicolaB (AvrPphB) (Qi et al.
2014).

Some proteins - deemed decoys - mimic effector targets. They are guarded by NLRs
which induce ETI upon recognition of effector-induced changes in the decoy. The X.
campestris Type III effector AvrAC (AvrAC) induces molecular changes in the decoy
protein Probable serine/threonine-protein kinase PBL2 (PBL2) of A. thaliana. The
change is perceived by the NLR HopZ-activated resistance 1 (ZAR1) via the intermedi-
ate adapter protein G-type lectin S-receptor-like serine/threonine-protein kinase RKS1
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(RKS1) (Wang et al. 2015). Also in A. thaliana, the NLR Resistance to Pseudomonas sy-
ringae pv. maculicola 1 (RPM1) guards the RPM1-interacting decoy RPM1-interacting
protein 4 (RIN4) (Li et al. 2014a; Mackey et al. 2002, reviewed in Kourelis et al. 2018).
Conformational changes of RIN4 are caused by the Avirulence protein B (AvrB) and
Type III effector AvrRpm1 (AvrRpml) of P. syringae and are sensed by RPM1, which
induces immune responses (Li et al. 2014a). However, both for RIN/, and for PBL2,
research suggested a role in PTI (Kim et al. 2005; Lee et al. 2015; Zhang et al. 2010a),
so they might not be real decoys. Other examples for decoys have been found in A.
thaliana (Zhang et al. 2012) and in tomato (Ntoukakis et al. 2013).

The guard model proposes that NLRs guard important proteins that may be targeted
by several pathogens and thus explains how a relatively small set of NLRs can fight the
tremendous amount of diverse pathogens that attack plants (Dangl et al. 2001). The A.
thaliana NLR ZAR1 not only recognizes AvrAC via the decoy PBL2 (Wang et al. 2015),
but also recognizes the P. syringae Type I1I effector HopF2a (HopF2a) (Seto et al. 2017)
and Type III effector HopZla (HopZla) (Lewis et al. 2010).

NLRs may contain integrated domains - putative decoys for effector targets - in addi-
tion to the canonical domain set (Bailey et al. 2018; Cesari et al. 2014; Kroj et al. 2016;
Sarris et al. 2016; Wu et al. 2015). They are thought to have occurred via the dupli-
cation of effector target proteins followed by integration into an NLR gene. How they
are involved in immunity, and if they act as decoys or retained their original function
remains unclear (Kourelis et al. 2018; Sarris et al. 2016; Wu et al. 2015) and needs to be
tested for each gene individually. Integrated domains with known effector recognition
capability are known from the A. thaliana TNL RRS1 (Le Roux et al. 2015; Sarris et al.
2015) and the rice CNLs Disease resistance gene RGA5 (RGA5) (Cesari et al. 2013;
Ortiz et al. 2017) and Rice blast resistance gene Pik (Pik) (Magbool et al. 2015). RRS1
contains a WRKY domain (WRKY) that can directly bind to the P. syringae Type
IIT effector AvrRps4 (AvrRps4) (Sarris et al. 2015). The WRKY domain can also be
acetylated by the Ralstonia solanacearum Type III effector PopP2 (PopP2) (Le Roux
et al. 2015). The direct interaction with the effector AvrRps4 triggers immune responses
depending on the NLR RPS4. The acetylation by PopP2 prevents recognition of Avr-
Rps4 in the accession Col-0, but not in Nd-1 and Ws-2 (Le Roux et al. 2015; Sarris
et al. 2015). RGA5 and Pik both contain an integrated heavy-metal-associated domain
(HMA) (Cesari et al. 2013; Magbool et al. 2015; Ortiz et al. 2017). RGAS5 directly
binds to the Magnaporthe oryzae effectors Antivirulence protein Avr-Pia (Avr-Pia) and
Avirulence protein Avr-CO39 (Avr-CO39) and the immune response is mediated via the
NLR Disease resistance protein RGA4 (RGA4). Pik directly recognizes Antivirulence
protein Avr-Pik (Avr-Pik) (also from M. oryzae) and the immune response is depending
additionally on the NLR Rice blast resistance protein Pik-2 (Pik-2).

All three known NLRs with effector-recognizing integrated domains are genomically
paired with the respective canonical NLR needed for signal transduction. Genomically
paired NLRs are frequent in plants (Kroj et al. 2016; Narusaka et al. 2009; Stein et
al. 2018) and are hypothesized to be also functional pairs, especially when found in
head-to-head orientation.
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1.3. Species- and population-wide analyses of NLRs

While functional analyses elucidate individual NLR-pathogen interactions, large-scale
comparisons between or within species allow characterizing NLR complements, diversity
and evolution.

1.3.1. Interspecific NLR studies

The total number of reported NLRs fluctuates highly between different plants (Shao
et al. 2016; Zhang et al. 2016). Around 155 NLRs are reported in A. thaliana (149 in
Meyers et al. (2003), 159 in Guo et al. (2011)), while important crop plants like tomato
(355 NLRs, Andolfo et al. (2014)), potato (438 NLRs, Jupe et al. (2012)), and rice (508
NLRs in Li et al. (2010a), 535 NLRs in Stein et al. (2018)) contain up to three times
as many NLRs. NLR numbers must not be confused with defense capability. Cucumis
sativus for example contains 57 NLRs (Wan et al. 2013) and the NLR complement of
Carica papaya contains only 54 genes (Porter et al. 2009).

Studies with overlapping species sets almost always report varying NLR numbers.
Genomes are often first published in a draft state and are updated when new data allows
for significant improvements in completeness and continuity. NLRs often sit in genomic
regions that are hard-to assemble and result in non-continuous draft assemblies. A new
and improved version of a species’ genome thus often changes the view of the species’
NLR complement. In addition, annotation methods can differ greatly since there is no
standard gene annotation pipeline in the field and there is also no universally accepted
consensus about which domains need to be present to define an NLR. All reported NLR
gene numbers thus have to be seen in the light of the applied methods and input datasets.
A survey of NLR gene numbers in 22 angiosperm species (for phylogenetic relations see
fig. 1.4) comparing the results from 12 different papers is given in table 1.1. The species
set is drawn from Shao et al. (2016), who analyzed evolutionary patterns and defined
three anciently diverged NLR classes (TNLs, CNLs, and RNLs) in those angiosperms.
The NLR numbers are compared to 11 other papers (publication dates ranging from 2003
to 2016). The reported range might guide an estimation of the actual NLR complement
of each species. A bigger NLR survey including more species and papers can be found
in table A.3.

Not only the total number of NLR genes shows a high variability, but also their
distribution in the three anciently diverged classes TNLs, CNLs, and RNLs (Gao et al.
2018; Shao et al. 2016). TNLs are expanded in the Brassicaceae, but vanished completely
from the Poaceae (Shao et al. 2016; Yue et al. 2012). CNLs are the ancestral NLR class
and dominate in many plants, and RNLs are a basal monophyletic group that is present
with rather low numbers in plant genomes (Gao et al. 2018; Shao et al. 2016). Expansions
and contractions influenced the establishment of the NLR complements (Shao et al. 2016;
Yue et al. 2012; Zhang et al. 2014; Zheng et al. 2016) via tandem duplication, ectopic
and segmental duplication, as well as polyploidization and gene losses (Guo et al. 2011;
Hofberger et al. 2014; Leister 2004; Plomion et al. 2018; Zhang et al. 2014; Zheng et
al. 2016). Transposable elements (TEs) are often associated to NLR loci and may be
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Table 1.1.: NLR complements of 22 Angiosperms

Survey of known NLR gene complements for 22 angiosperm species analyzed in Shao
et al. (2016). NLR numbers from 12 papers are reported: Shao et al. (2016) (1), Zhang
et al. (2016) (2), Zheng et al. (2016) (3), Sarris et al. (2016) (4), Shao et al. (2014) (5),
Peele et al. (2014) (6), Yu et al. (2014) (7), Andolfo et al. (2014) (8), Kim et al. (2012)
(9), Jupe et al. (2012) (10), Guo et al. (2011) (11), Meyers et al. (2003) (12). For an
extended list of analyzed species see table A.3.

Species NLRs Ref. | Species NLRs Ref.
Amborella trichopoda 105 1 | Medicago truncatula 571 5
Amborella trichopoda 88 2 | Medicago truncatula 571 1
Arabidopsis lyrata 241 9 | Medicago truncatula 771 2
Arabidopsis lyrata 134 6 | Medicago truncatula 770 3
Arabidopsis lyrata 204 4 | Musa acuminata 111 1
Arabidopsis lyrata 198 1 | Musa acuminata 105 2
Arabidopsis lyrata 202 2 | Oryza sativa 595 4
Arabidopsis lyrata 185 11 | Oryza sativa 498 1
Arabidopsis thaliana 238 9 | Oryza sativa 470 2
Arabidopsis thaliana 135 6 | Oryza sativa indica 616 9
Arabidopsis thaliana 165 1 | Oryza sativa japonica 578 9
Arabidopsis thaliana 213 7 | Phaseolus vulgaris 406 4
Arabidopsis thaliana 168 2 | Phaseolus vulgaris 337 5
Arabidopsis thaliana 213 4 | Phaseolus vulgaris 337 1
Arabidopsis thaliana 149 12 | Phaseolus vulgaris 334 2
Arabidopsis thaliana 149 11 | Phaseolus vulgaris 359 3
Brachypodium distachyon 185 9 | Phyllostachys heterocycla 344 1
Brachypodium distachyon 501 4 | Sesamum indicum 170 1
Brachypodium distachyon 253 1 | Setaria italica 470 4
Brachypodium distachyon 327 2 | Setaria italica 424 1
Brassica rapa 204 1 | Setaria italica 380 2
Brassica rapa 248 7 | Solanum lycopersicum 264 4
Brassica rapa 151 6 | Solanum lycopersicum 255 1
Brassica rapa 207 4 | Solanum lycopersicum 223 2
Brassica rapa 196 2 | Solanum lycopersicum 355 8
Cajanus cajan 256 2 | Solanum tuberosum 543 4
Cajanus cajan 289 5 | Solanum tuberosum 447 1
Cajanus cajan 289 1 | Solanum tuberosum 355 2
Cajanus cajan 815 3 | Solanum tuberosum 438 10
Capsella rubella 75 6 | Sorghum bicolor 317 9
Capsella rubella 152 4 | Sorghum bicolor 422 4
Capsella rubella 127 1 | Sorghum bicolor 326 1
Capsella rubella 131 2 | Sorghum bicolor 310 2
Capsicum annuum 305 1 | Thellungiella salsuginea 88 1
Capsicum annuum 661 2 Vitis vinifera 590 9
Glycine mazx 325 9 | Vitis vinifera 323 4
Glycine max 784 4 | Vitis vinifera 545 7
Glycine mazx 465 5 | Vitis vinifera 295 2
Glycine max 465 1 Vitis vinifera 314 1
Glycine maz 442 2 Vitis vinifera 754 3
Glycine maz 744 3 | Zea mays 122 9
Medicago truncatula 668 9 | Zea mays 191 4
Medicago truncatula 1074 4 | Zea mays 139 1
Medicago truncatula 753 7 | Zea mays 129 2
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Figure 1.4.: Phylogeny of 22 angiosperms

Visualization of the phylogeny of angiosperm species analyzed in Shao et al. (2016) and
surveyed in table 1.1. Phylogeny and tree visualization are based on TimeTree (Kumar
et al. 2017, Setaria italica is not in the database and thus excluded).

involved in NLR duplication or transposition, too (Henk et al. 1999; Kawakatsu et al.
2016; Kim et al. 2017).

Interspecific comparisons of the NLR complements from 22 angiosperm species re-
sulted in the phylogenetic reconstruction of a set of only 23 ancestral NLR genes from
the three classes TNL, CNL, and RNL (Shao et al. 2016). Going even further back,
the origin and early diversification has been tackled recently (Gao et al. 2018, reviewed
in Ortiz et al. 2018) and it has been shown that NLRs likely first appeared in the
charophytes (Gao et al. 2018).

1.3.2. Intraspecific NLR studies

Different populations can respond with contrasting phenotypes to the same pathogen.
The reason for those differences are genetic and novel sources of disease resistance can
be discovered by defining the responsible NLRs. Presence/Absence polymorphisms of
RPMI1, for example explain the resistance or susceptibility of A. thaliana to the P. sy-
ringae pv. tomato DC3000 carrying AvrRpm1 (Grant et al. 1998). Allelic diversity at
the RRS1 locus in A. thaliana justifies why Nd-1 is resistant and a Col-0 derivative is sus-
ceptible to R. solanacearum (Deslandes et al. 2003). Similarly, allelic diversity between
the accessions Ag-0 and Col-0 at the RBA1 locus explains the resistance/susceptibility
phenotype to P. syringae carrying HopBA1 (Nishimura et al. 2017).

Intraspecific population-based studies have the potential to increase the resolution
of NLR variation beyond what is known from reference genomes. This was addressed
recently in a study of nine Brassica oleracea varieties (Golicz et al. 2016). More than
40% of the NLR genes that differed